A central issue in gene regulation is the mechanism, and biological function, of the cooperative binding of regulatory protein ligands to specific sites on DNA. To elucidate the physical-chemical basis of these interactions we have developed a thermodynamically rigorous method for conducting DNase I "footprint" (protection) titration experiments. The intrinsic binding constants and also those for cooperative interactions between various sites can be resolved from the individual-site binding curves determined by this technique. Experimental studies of cl-repressor-operator binding have demonstrated that the method provides an accurate representation of the fractional saturation of a binding site. We present individual-site binding curves for a X operator with two competent sites that demonstrate the presence of cooperative interactions between the sites. These curves set a lower limit to the magnitude of the cooperative free energy without comparison to single-site mutant operators.
The regulation of many prokaryotic and eukaryotic genes is dependent on specific, and often cooperative, interactions that control the binding of regulatory proteins to multiple sites on DNA. To identify the sites of interaction numerous investigators are currently using various forms of "footprinting" or "protection mapping" using DNase I or other cleavage reagents (1) (2) (3) (4) . As a titration method, footprinting has also been used to estimate the affinity of proteins for DNA (5, 8) . Because (6) . We have developed a footprint titration method that resolves thermodynamically rigorous equilibrium binding curves. Because footprint titration experiments distinguish binding at the individual sites, individual-site binding curves, which separately represent fractional saturation at each site, result. These can be used to resolve not only the intrinsic binding constants but also those for cooperative interactions between the various sites (6) (7) (8) (9) . This information is required to understand and predict (i.e., model) the biological roles of these interactions (8, 10) .
To ensure the thermodynamic validity of the footprint titration method we have developed (i) protocols for conducting the experiment and quantitating the data and (ii) a rigorous theory of individual-site binding that is necessary for analysis and correct interpretation of the resolved binding curves (7) . Here we show that when these procedures are used the technique correctly measures the equilibrium distribution of occupied and vacant sites on the DNA. We will outline the experimental guidelines by which thermodynamically valid binding curves can be obtained. The footprint titration method is broadly applicable and can potentially be used to study control systems with different numbers of sites and control proteins. A more detailed description of the methods has been published elsewhere (9 To sample the occupancy of binding sites by protein, an aliquot of a DNase I (deoxyribonuclease I; EC 3.1.21.1; Worthington, no. 2139) solution was added to each sample. After a short incubation (typically 1 min) in a regulated bath, the DNase reaction was quenched by addition of 2.5 vol of -70'C 92% ethanol, 0.57 M ammonium acetate, and 50 ,tg of tRNA per ml. The DNA was precipitated and electrophoresed by standard methods (11) . A sample comb with 6-mmwide lanes and 6-mm spacing was used (see below). Dried gels were autoradiographed at -700C onto preflashed Kodak X-Omat film, using a single Dupont Cronex Lightning Plus intensifying screen (12) .
Analysis of Autoradiogram to Determine Fractional Saturation. The absorbance of the autoradiogram was read in two dimensions at 200-,m resolution with an Optronix P-1700 film scanner. The scanner discriminates 256 levels of optical density (OD). The array of ODs corresponding to 200-,m picture elements (pixels) was processed interactively using computer programs developed in this laboratory.
To measure the OD of an image on the film, the analysis program allows an operator to draw a contour surrounding the image (Fig. 1) . The sum of the ODs of the individual pixels within the contour is corrected for local film background OD to give the integrated OD. The local background between adjacent lanes is defined as the most probable pixel OD value found therein (13) . The background values on both sides of a lane are averaged to give the background value within a lane. The degree of protection is given by the ratio of the integrated density of the "block" (i.e., a series of contiguous bands) corresponding to a protein binding site to the integrated density of "standard" blocks, located outside any binding site. The latter serve to measure the total DNA loaded onto each lane. Fractional saturation is obtained by referencing this ratio to the same ratio for a lane in which no Abbreviation: bp, base pair(s).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The yapp values for each site, plotted as a function of the active binding-protein concentration, give the individual-site binding curves. These curves are analyzed by nonlinear least-squares fitting procedures to estimate the intrinsic binding constants and the cooperativity constants (14, 15) . Since even saturating ligand does not give perfect protection from DNase I (see Fig. 1 RESULTS AND DISCUSSION For a system to be suitable for quantitative analysis by individual-site methods, the state of oligomerization of the bound protein and the number, disposition, and classes of specific sites must be known. In addition, pure DNA restriction fragments and protein must be obtainable. The cl-repressor-operator system of phage X used as a model system in this study is one ofthe few gene regulatory systems so characterized (5, 9, 16, 17) .
To demonstrate thermodynamic validity of the footprint titration method it is necessary to establish that (i) an equilibrium rather than a kinetic process is being studied, (ii) the experimental procedures do not perturb the protein-DNA equilibrium, and (iii) the results are consistent with an independent method. However, these points cannot be addressed until it is determined that the OD of a band is a quantitative measure of the corresponding DNA fragment concentration. The protocol we have developed that meets these criteria is presented below.
Correct Integration of OD. Fig. 1 is a false-color image of an autoradiogram of a footprint titration of an OR3-mutant operator of bacteriophage X. As seen in Fig. 1 , segmented contours are drawn defining blocks that contain the bands within each binding site and also blocks for regions above and below the binding sites. The latter are used to normalize the concentration of protected DNA to the total concentration of DNA loaded in each lane (see Methods). Analysis of the blocks shown in Fig. 1 was used to produce the individual-site binding curves shown in Fig. 2 .
Although gel electrophoresis provides a one-dimensional separation of DNA fragments, one-dimensional scanning of the resultant banding pattern is inadequate to quantitate the OD of a band. As can be seen in the perspective plot in Fig.  3 , individual bands show considerable variation in shape. In addition, the area of a band is highly correlated to its overall density. Therefore, neither the maximum peak height nor a single dimension peak profile provides an accurate representation of the overall or total density of a band. contains the point mutation rl in OR3 (18) and was a gift from M. Ptashne. A 32P-labeled, 648-base-pair (bp) fragment with the 3' end located 98 bp from site OR1 was prepared by digestion with Bgl II, labeling of the 3' end with the large fragment of DNA polymerase, and digestion with HindIII (9). X cI repressor was prepared and characterized as described (9) . Total protein concentrations have been corrected for the measured value of 46% activity. A dimer dissociation constant of 2.0 x 10-8 M`was assumed (17) .
A second consideration is that the lanes be spaced widely enough that the real film background density, independent of 32 exposure from adjacent lanes, be attained. Because band density decreases as saturation is approached, error in the background will introduce systematic error into the fractional saturation. It is clear that the OD between lanes goes to a constant baseline with the wider-than-standard spacing (6 mm) used in our experimental protocol (Fig. 3) .
It is also essential that the relationship of film OD to the quantity of radioactivity be known. Experimental studies using our protocol have shown that this relationship is linear within the precision of our experiments (9 randomly and with low probability into the DNA, the DNA is of uniform length, and all backbone positions are independent targets for DNase I,* then the distribution of DNA molecules with a given number of nicks will be described by a Poisson distribution. Because the DNA is labeled at one end and only fragments still containing the label are visualized by autoradiography, it is only possible to assess experimentally whether a given fragment has had one or more nicks introduced. We have measured the fraction of intact material left following DNase an exponential function that intercepts the origin describes the relationship between the fraction of intact material and DNase concentration (9) .
Given this result, the fractions of fragments with one or more nicks and the average number of nicks per fragment were calculated based on Poisson statistics (Table 1 ). Even at the highest DNase exposure, each fragment received an average of less than two nicks distributed over 155 bp (Table  1) . At the optimum DNase exposure for conducting titration experiments (around 50% uncut DNA, as will be described below), each molecule is, on the average, nicked less than once. Since the protein binding site is a small fraction of the total DNA, the average number of nicks introduced into a site is much lower than this value. Also, the probability of two single-stranded nicks being introduced into both stands ofthe DNA at the same site is vanishingly small. Thus, the population of full-length duplex fragments available for protein binding is not significantly reduced by this exposure.
Individual Bands Within a Binding Site Titrate Identically. Since DNase I is not completely sequence neutral, we tCalculated average number of nicks per 155-bp labeled strand.
*DNase I does not nick at every position with equal probability (19, 20) . However, because each fragment has the same sequence, the frequency of DNase nicking at a given backbone position is the same for all fragments. investigated whether different bands within a binding site, which show different DNase sensitivity, would yield the same binding curve. The data shown in Fig. 4 These results also indicate that the sampling time need not be short relative to the relaxation time (ti12) for dissociation of the complex (tens of seconds under these experimental conditions). Experiments with DNase I exposures ranging pORi refers to the EcoRI/Hae III fragment containing OR1 as described in the legend to Fig. 4 . Exposure time was 1 min. *The % uncut is taken from Table 1. tFree energies of association for the resolved isotherms (solid curves) with 65% confidence intervals, where AG = -RnlnK. The value for binding to the EcoRI-Hae III fragment of pORi is inconsistent with the values determined for OR1 from the wild-type operator and other mutants (such as shown in Table 3 ). An analysis of this observation will be published elsewhere.
fSquare root of the variance of the fitted curves.
from 30 sec to 10 min yield identical results. Instead, the essential criterion is that a sufficiently small number of nicks be introduced that the assay does not perturb the binding equilibrium. Although we have demonstrated this for cI-repressor, the result cannot be generalized for all systems.
With minimal nicking, resolution of the isotherms is poor (indicated by the values of s in Table 2 ). Precision of the data is greatly increased with more nicking. To generate sufficient contrast between protected and nonprotected bands for accurate quantitation, a substantial number of fragments must be generated by the DNase I exposure. However, imprecision in DNase I exposure from lane to lane will cause variability in the distribution of fragment lengths, decreasing experimental precision. This latter problem is aggravated under conditions of multihit kinetics. The optimal DNase I exposure is a compromise between sufficiently high nicking to generate contrast and sufficiently low exposure to minimize errors generated by imprecision in DNase I exposure.
Footprint In a cooperatively interacting system the ligand activity at half-saturation corresponds to no single binding constant. The probability of binding at a given site depends upon the extent of occupancy of the neighboring sites. To analyze such systems the theory of individual-site binding curves has been developed (7) . (6, 8, 9) .
The resolved individual-site isotherms for the experiment shown in Fig. 1 (6, 9) . CONCLUSIONS By use of the procedures described in this article the DNase footprint titration method allows quantitative characterization of the equilibrium properties of protein-DNA interactions. Accurate quantitation of the OD on an autoradiogram is fundamental to the transformation of degree of protection into fractional saturation. These procedures are independent of the system under study. Several lines of evidence show that the footprint titration method does yield thermodynamically valid individual-site isotherms. Our experimental studies have demonstrated that the only experimental variable that affects the apparent degree of protection is the concentration of ligand. We have determined ranges over which the binding curves are invariant as a function of the time of equilibration ofthe protein and DNA prior to exposure to DNase and as a function of the length of exposure to DNase. It is clear that the method probes an equilibrium rather than a kinetic phenomenon and that the binding equilibrium is not perturbed under our conditions of DNase I exposure. This is true for right operators that contain one, two, or three binding sites (data not shown). Any number of specific sites can, in principle, be analyzed. However, these control experiments are not independent of the system under study. They must be repeated for different experimental conditions and systems.
To study the energetics of protein-DNA interactions involved in control processes, a solid theoretical and methodological foundation is required. The ability of this method to resolve the Gibbs free energies of the intrinsic and cooperative components of binding will permit investigators to differentiate their effects and deduce the molecular mechanism of each process. Insight into the mechanisms of these interactions can be gained by studying the effects on the binding equilibria of linked processes, such as proton binding, and by resolution of the free energies into enthalpic and entropic contributions.
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